chlorophyll concentrations from SPAD measurements were higher in the cultivated genotypes than the wild types. Morrison et al. (1999) observed differences in chlorophyll concentration in short-season soybean cultivars to be positively correlated to seed yield. In wheat, increases in grain yield also have been associated with increases in Chlor (Xiao et al., 2012) . Cellular membrane stability and antioxidant activity have been used as screening tools for characterizing the impact of abiotic stresses (Sullivan, 1972; Martineau et al., 1979; Chen et al., 2006; Cheng et al., 2007; Gillespie et al., 2011) .
Early work with infrared thermometers proved successful in monitoring daily crop temperatures (Blad and Rosenberg, 1976) . Breeding programs have been evaluating the use of infrared thermal sensing for decades. Harris et al. (1984) observed significant differences in canopy temperature among genotypes from MG III to V on about one-half of the days measured. Both Harris et al. (1984) and McKinney et al. (1989) observed inverse relationships between canopy temperature and seed yield in some environments, and Lopes et al. (2012) reported genetic yield gains to be strongly associated with cooler canopy temperatures. Fletcher et al. (2007) found the CT of slow-wilting genotypes to be warmer than a commercial check. However, Ries et al. (2012) observed no difference in CT among slow, intermediate, and fast-wilting soybean genotypes.
A recent study to evaluate genetic change in yield and other traits that occurred over the past 80 yr provided an opportunity to develop a better understanding of the physiological changes that have occurred in cultivar development (Rincker et al., 2014) . The objectives of this study were to: (i) characterize genetic differences in CT, leaf Chlor, leaf antioxidants, PG, and EL in soybean cultivars released from the 1920s through 2010; and (ii) determine if changes in these traits occurred over time and were associated with increases in seed yield.
MATERIALS AND METHODS
Field trials were conducted in Manhattan, KS, in 2010 and 2011. The genotypes evaluated were part of a nationwide genetic gain study, organized by Dr. Brain Diers, University of Illinois (Rincker et al., 2014) . The study consisted of 60 MG III and 54 MG IV cultivars, released from the 1920s through 2010 and including both public and private releases as well as genotypes with and without glyphosate resistance. In this study, a few genotypes widely grown in Kansas were added to the basic set of 59 MG III and 49 MG IV cultivars provided by Dr. Diers and Dr. James Specht, University of Nebraska.
The MG III and MG IV cultivars were randomized and managed as two separate experiments. The two MG-specific experiments were evaluated in irrigated and dryland environments, each year, for 2 yr resulting in a total of four environments. In each environment, genotypes were planted in plots arranged in a randomized complete block design with four replications. Plots consisted of four 3.4-m-long rows spaced 76 cm apart and were seeded at a planting rate of 24 seeds per meter using a four-row ALMACO cone planter with Kinze row units (ALMACO, Nevada, IA) . With the exception of the application of water, the irrigated and dryland trials were managed similarly. The irrigated and dryland trials were planted on the same day in close proximity to one another on the same soil type each year. In 2010, plots were planted on 27 May on a Belvue silt loam (coarse-silty, mixed, superactive, nonacid, mesic Typic Udifluvent) (39°08'35" N, 96°37'48" W; elevation-315 m) soil; in 2011, plots were planted on 23 May on a Eudora silt loam (coarse-silty, mixed, superactive, mesic Fluventic Hapludoll) (39° 08'28" N, 96°37'46" W; elevation-314 m) soil. Evaluating the genotypes in two different soil types, under irrigated and dryland conditions was done to characterize the importance of the genotype  environment interaction for the traits under evaluation. Weeds were controlled with a herbicide burndown application before planting and by cultivation and hand weeding during the growing season. Furrow irrigation was used as necessary on the irrigated trials after flowering.
In vitro PG was measured on a select group of genotypes in both MGs. These subgroups consisted of 20 genotypes from MG III and 20 genotypes from MG IV tests and were chosen by selecting genotypes from both public and private sectors across all decades in the study. Twenty to 30 unopened flowers were sampled from each plot over 3 d beginning at R1 (Fehr et al., 1971) through the end of flowering. At the time of flowering, no irrigation had been applied to the irrigated trials, so flowers were sampled only from the trials to receive irrigation later in reproductive growth, between 0800 and 0900 h, stored in a Petri dish, and transported to the lab by 0930 h inside a cooler to maintain constant temperature. The Petri dishes were then stacked on the countertop to prepare for pollen extraction. Flowers were dissected with tweezers by removing the sepals, opening the keel petals with tweezers, and removing the pistil and stamen. Then the tweezers were rotated to point the stamen downward, and the apparatus was tapped against the bench top to allow the pollen to fall onto the media slides. Several flowers were used per slide, and media slides with the pollen were then incubated at either 28 or 34°C for 30 min in incubators (RevSci Incufridge, Revolutionary Science, Shafer, MN) preheated to the assigned temperature. The medium consisted of 15 g sucrose (C 12 H 22 O 11 ), 0.03 g calcium nitrate [Ca(NO 3 ) 2 4H 2 O], and 0.01 g boric acid (H 3 BO 3 ) dissolved in 100 mL of deionized water (Gwata et al., 2003) . To the medium 0.5 g of agar was added, then slowly heated to dissolve (Salem et al., 2007) . Media was prepared the night before and poured onto glass microscope slides, which were placed in Petri dishes to allow for labeling. After incubation, the media slides were placed in the Petri dish kept at 25°C at room temperature until photographed with an Olympus DP70 digital camera on an Olympus BX51 microscope at 10x magnification. Germinated pollen grains were counted at a later date. A pollen grain was considered germinated when its tube length equaled the grain diameter (Luza et al., 1987) .
Canopy temperature was measured between 1000 and 1400 h on sunny, cloudless days on all genotypes and in all environments from the center of each plot's canopy surface. To minimize the confounding effects of changes in environmental conditions on genotypic performance over this 4 h period, CT measurements were taken on one replication of all genotypes harvested with a plot combine. Seed yield was recorded as kg ha -1 , adjusted to 13% moisture. All of the data were analyzed with the Glimmix procedure in SAS 9.2 (SAS Institute, 2008). Analysis of variance was determined with environment and genotype as fixed effects and replication nested within environment as a random effect. Environment included both year and irrigation treatment. Means were subjected to Tukey-Kramer's studentized range test (HSD) at the P < 0.05 level. Pearson's product moment correlations between parameters were determined by the PROC CORR. PROC REG was used to characterize the significance of the YOR/trait relationships when maturity, lodging, and plant height were accounted for in a regression model.
RESULTS AND DISCUSSION
Weather varied between growing seasons, with the 2010 season overall slightly cooler and much wetter than the 2011 season ( Table 1) within a MG-specific experiment in about 20 min. Measurements consisted of one image per plot taken at about a 45° angle 1 m away the canopy with an infrared camera (FLIR BCAM, FLIR Systems, Wilsonville, OR) three to four times from R1 through R6. The FLIR camera was calibrated by the manufacturer. The captured radiometric images were stored and analyzed with FLIR Systems QuickReport Software to obtain the average CT of the entire field of view of the infrared camera.
Leaf chlorophyll content was measured on all genotypes in all environments three to four times from R1 through R6 using a self-calibrating Minolta SPAD-502 chlorophyll meter (Konica Minolta Optics, Inc., Tokyo, Japan) which measured absorbance at 650 and 940 nm. Four measurements were averaged from the upper canopy of each plot to obtain the Chlor reading each sampling day.
Leaf antioxidants and EL were measured by collecting from the top third to fifth trifoliate leaves at R4 and R6. Leaves were stored in 50-mL centrifuge tubes and frozen at the field in a Styrofoam cooler filled with liquid N. The tubes were then transported in large bags and stored in a freezer at -80°C until analysis. Total antioxidant capacity was determined based on reduction of Mo(VI) to Mo(V) by the extract and the formation of a green phosphate/Mo(V) complex at low pH (Prieto et al., 1999) . Whole frozen leaf samples were ground in a mortar and pestle. Following grinding a subsample of 0.1 g of leaf was transferred to a 50-mL centrifuge tube containing 10 mL of ethanol. The contents were centrifuged at 3500 rpm for 10 min. A 0.3 mL of supernatant was combined with 0.3 mL of ascorbic acid (100 mg mL -1 ), and 3.0 mL of reagent (0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium molybdate) (Dasgupta and De, 2004) . Tubes were then capped and placed in a boiling water bath for 90 min and cooled. The color intensity was read at 695 nm and expressed as change in optical density per minute per gram of leaf. The blank was 0.3 mL of ethanol, 3 mL of reagent, and 0.3 mL of ascorbic acid. The EL of the membranes was measured by weighing 1 g of leaf sample and placing it in a 50-mL centrifuge tube with 5 mL of 0.4 M mannitol salt solution. After 3 h of incubation at room temperature, electrical conductivity (C 1 ) was measured without touching the leaf tissue. The tubes were capped and placed in a boiling water bath for 10 min to kill the tissue completely. Electrical conductivity (C 2 ) was then measured as before. The membrane injury was calculated as C 1 /C 2 100 and expressed as a percentage. The TAC and EL were measured on the subset of 20 genotypes that were evaluated for PG.
Before harvest, the center rows were used to measure plant height, lodging, and maturity. Plant height was a measure of the average height in centimeters from the soil line to the top of the main stem. Lodging scores were assigned on a scale of 1 to 5; 1 represented all plants erect and 5 represented all plants prostrate. Maturity was recorded as the date when 95% of the pods reached mature color.
During the growing season, some genotypes showed soybean sudden death (Fusarium virguliforme) (SDS) symptoms so plots were rated for severity of SDS leaf symptoms in both environments in 2010 and the irrigated environment in 2011. Disease ratings were taken about the R6 growth stage using a 1 to 5 score, with 1 equaling no disease symptoms and 5 equaling all plants showing severe symptoms. The center two rows were Min. Analyses of variance for both MGs across environments showed that seed yield, plant height, lodging, maturity, and SDS differed among environments and genotypes ( Table 2 ). The genotype  environment (G  E) interactions were significant for these traits, but other than for SDS scores, the phenotypic variation associated with the G  E interactions was a relatively small percentage of the total phenotypic variation. The CT varied among environments for the MGs III and IV genotypes (Table 2) . Genotypes differed in CT (P < 0.01) in both MGs, and no interactions between genotypes and environments were observed. The Chlor varied (P < 0.01) among genotypes for both MGs and environments of MG III (Table 2) . No differences in Chlor were noted among MG IV environments and no interaction between genotype and environment for either MG were observed for Chlor.
Analysis of TAC and EL revealed no differences among genotypes for either MG (data not shown). It is possible the results for these traits were due to the lack of genetic variation, however, it seemed more likely the results were related to the precision of the measurements and that more samples or replications would be needed to properly differentiate genotypes.
Pollen germination differed among environments and genotypes, and the relative performance of genotypes across environments differed for both MGs genotype × temperature or genotype × temperature × environment interactions.
Seed yield, plant height, lodging, maturity, SDS, CT, and Chlor were correlated with YOR in each of the MGs (Table 4) . Seed yield increased with YOR in all environments in both MG's ( Fig. 1a and 2a) . Seed yield increased at a rate of about 23.1 kg ha -1 yr -1 and 26.2 kg ha -1 yr -1 for MGs III and IV, respectively. A comprehensive analysis of the genetic improvement in yield of these genotypes can be found in Rincker et al. (2014) . The highest-yielding genotypes produced about 2600 kg ha -1 more than the lowest-yielding genotypes. Plant height decreased with YOR for MG III (r = -0.38**) and MG IV (r = -0.37**) genotypes. Genotypes averaged 107 and 112 cm tall for the MGs III and IV entries, respectively. In the MG III's, the tallest indeterminate genotype was about 70 cm taller than the shortest genotype, which was a single determinate genotype included in the study. The range in plant height in the MG IV's was 48 cm. Plant lodging decreased with YOR for MG III (r = -0.78**) and MG IV (r = -0.61**) genotypes. Lodging scores averaged 2.2 and 2.3 for the MGs III and IV entries, respectively. Genotypes with the highest average lodging scores of 3.7 or 3.8 had prostrate architecture and were earlier releases dating from the 1920s through most of the 1940s, while the most lodging resistance, newer releases, had average lodging scores of 1.2 to 1.8. Maturity increased with YOR for MG III (r = 0.51**) and MG IV (r = 0.60**) genotypes. Maturity date for the MG III genotypes averaged 22 September, and for the MG IV's the average date was 28 September. The range in maturity date from the earliest to latest entry was 10 and 15 d in the MG III's and MG IV's, respectively. Maturity showed an increase of 0.5 and 1.5 d to CT Chlor We also observed at least a twofold difference in yield between the lowest and highest yielding genotypes in any environment. Nevertheless, the phenotypic variation explained by the G  E interaction was small compared to the phenotypic variance explained by genotype for seed yield. The relatively large genetic effect, coupled with a relatively small G  E effect for seed yield, and no G  E interactions for CT and Chlor resulted in consistent trends between CT and Chlor with YOR and seed yield across the four environments of this study. Thus, only the overall trends are reported in Fig. 1b, 1c, 2b , and 2c. Boyer et al. (1980) showed that water potentials of soybean cultivars increased as YOR and seed yield increased. Newer cultivars were better able to extract water from the soil, perhaps due to increased root densities. Higher leaf water potential leads to greater transpiration and greater transpiration leads to lower canopy temperature (Kirkham et al., 1984) . Although transpiration or leaf water potentials were not measured in this study, it is possible that the trend observed by Boyer et al. (1980) continues and the newer cultivars evaluated in this study were transpiring at a higher rate than the older cultivars during reproductive growth.
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Although PG differed among genotypes, PG was not correlated with YOR or seed yield (Table 4) . Average PG among genotypes ranged from 85.2 to 94.2% and 78.9 to 93.1% for MG IV and MG III, respectively. This range of PG was similar to the study by Salem et al. (2007) , although PG rates were higher than reported by Walker (2012) . We observed more genetic variability (a larger difference among genotypes) in PG rates in 2010 than 2011 (Fig. 3) . Walker (2012) also observed large G  E interactions for PG. It was not clear what contributed to a large maturity per decade for the MG III and IV genotypes, respectively. However, most of the later-maturing genotypes consisted of releases from the 1980s to present day. Sudden death syndrome decreased with YOR for the MG III (r = -0.60**) and MG IV (r = -0.39**) genotypes. Sudden death syndrome scores across all genotype average about 1.9, with the most resistant, and later releases possessing scores of 1.5 to 1.7, while the most susceptible, earlier releases possessed scores of 2.4 to 2.5.
The CT decreased with YOR and seed yield for MG III and MG IV genotypes (Table 4 , Fig. 1b and 2b) . Genotypes with the coolest canopy temperature were about 2°C cooler than the warmest genotypes in the study. Previous studies have found negative correlations between CT and seed yield (McKinney et al., 1989; Kashiwagi et al., 2008; Liu et al., 2012; Lopes et al., 2012) , similar to the relationships in this study. In wheat, however, Xiao et al. (2012) did not observe a significant change in CT depression with yield improvements. The Chlor differed among genotypes and increased with YOR and seed yield (Table 4 , Fig. 1c and 2c) . Liu et al. (2012) also observed differences among genotypes with increasing Chlor with YOR. Genotypes with the highest Chlor were about 7 SPAD units higher than genotypes with the lowest Chlor.
It is not unusual to observe large G  E interactions for many soybean traits that result in different interpretations of the data depending on the environment or environments under consideration. The relationships or responses observed between CT and Chlor with YOR and seed yield could have varied across environments. Harris et al. (1984) reported that environment played a role in characterizing genotypic differences in CT. In the study reported here, we observed a 72 and 56% increase in mean yield from the lowest yielding to highest yielding Table 4 . Pearson's correlation coefficients between agronomic and physiological traits and year of release in maturity groups (MGs) III (n = 60) and IV (n = 54) soybean. -----------------------------------MG IV ----------------------------------- G  E interaction in the study reported here, but it was obvious that the relative PG rates among genotypes changed in the two environments sampled in this study and no relationships were observed between PG, YOR, and seed yield. The fact that PG tends to occur before noon, before temperatures might be high enough to adversely impact germination, may reduce the likelihood to find a relationship between PG and seed yield. Some of genotypic differences in the physiological traits were correlated to YOR and seed yield (Table 4) . The physiological and agronomic traits also were correlated with one another. Relating these correlations to changes in soybean phenotype over time, the newer cultivars tended to be higher yielding, shorter in plant height, later in maturity, less prone to lodge, possess cooler canopies, have higher leaf Chlor and be less susceptible to SDS than the oldest cultivars. These observations raise the concern that many of the relationships observed in the study could be due to simple changes in the agronomic traits: maturity, plant height, or lodging over time. To examine this possibility, PROC REG was used to characterize the relationships among response variables: yield and the physiological traits, with predictor variables: YOR, maturity, lodging, and height. However, since the variation in these traits is confounded within the source of variation contributed by the treatment effect (genotype), the outcome of the partitioning depends on the order in which the predictor variables enter the regression model. So, the results of two regression models are presented. Each regression model was optimized with four variables: YOR, maturity, lodging, and height as predictor variables and yield or the physiological traits as response variables. In one run, the KS, in 2010 and 2011 (n = 20) . HSD = Tukey-Kramer's studentized range test at the P < 0.05 level.
stepwise regression added the predictor variable(s) to the model in order of importance. In a second run, response variables: maturity, lodging, and height were forced into the regression model and the stepwise procedure then determined if the final variable, YOR, was included in the model. This comparison does not eliminate the confounding, but it does help to substantiate that maturity, lodging and height do not explain all of the variation in the traits associated with the change over time.
When stepwise regression added predictor variable(s) to the model in order of importance, YOR was the first variable chosen in the model for all traits except SDS in the MG IV genotypes (Table 5 ). The YOR was the first variable chosen because it was the most highly correlated with the response variable. For the traits with significant models (P < 0.05), YOR accounted for between 36 and 76% of the variation in the trait of interest. Comparing the partial R 2 values in these models for YOR vs. the total model R 2 values, YOR accounted for 80 to 100% of the variation explained by the full models, except for SDS scores in MG IV where YOR did not contribute to the model. When maturity, lodging, and height were forced first into the regression model, YOR was included in every model except for SDS in the MG III's. The YOR accounted for between 0 and 33% of the variation in the trait of interest. Comparing the partial R 2 value for YOR vs. the total model R 2 values, YOR accounted for 0 to 48% of the variation explained by the full models. These results indicate that yield, canopy temperature, and Chlor have changed in both MGs with YOR, with or without considering the impact of maturity, lodging, and plant height on these traits.
CONCLUSIONS
This study characterized the genetic variation in PG, CT, leaf Chloro, TAC, and EL in soybean cultivars released from the 1920s through 2010 and showed changes in leaf Chloro and CT over time (YOR) with the improvement of seed yield. The CT showed the strongest relationship with YOR and seed yield, among the traits evaluated followed by Chlor. The procedures and technology associated with characterizing the genetic differences in these traits permitted fairly rapid, in-field assessments. This is especially true for CT which has fit well in high-throughput field-based phenotyping systems for measurements of transpiration and differences in stomata ( Jones et al., 2009; Furbank and Tester, 2011) , and works well with platforms moving through the field as White et al. (2012) described using a high-clearance tractor. It may be possible to couple the information from this study with the results of Christenson et al. (2014) , who characterized the canopy spectral reflectance of a subset of the genotypes in this study, to develop a robust, high-throughput evaluation process that would improve the selection efficiency for seed yield.
Breeding programs strive to improve genetic gain. This study provided evidence that CT and Chlor changed over time along with changes in maturity, plant height, lodging and disease resistance that have resulted in corresponding improvements in seed yield. The relationships between CT and Chlor with seed yield provide support to intentionally select for these traits in plant breeding programs to improve genetic gain. However, further evaluations are needed to determine if the results of this study could be applied to a breeding program attempting to identify progeny of superior genotypes, expressing less total genetic variation. Table 5 . Partial least squares regression analyses of year of release (YOR), maturity, lodging, and height with agronomic and physiological traits. ** Significant at the 0.01 probability level. † Yld, seed yield with year and irrigated (Irr) or dryland (Dry) environment; CT, canopy temperature; SDS, sudden death syndrome; Chlor, chlorophyll content by SPAD (soil plant analysis development); MG, maturity group.
